A novel approach to quantifying postural stability in single leg stance is assessment of time-to-boundary (TTB) of center of pressure (COP) excursions. TTB measures estimate the time required for the COP to reach the boundary of the base of support if it were to continue on its instantaneous trajectory and velocity, thus quantifying the spatiotemporal characteristics of postural control. Our purposes were to examine: (a) the intrasession reliability of TTB and traditional COP-based measures of postural control, and (b) the correlations between these measures. Twenty-four young women completed three 10-second trials of single-limb quiet standing on each limb. Traditional measures included mean velocity, standard deviation, and range of mediolateral (ML) and anterior-posterior (AP) COP excursions. TTB variables were the absolute minimum, mean of minimum samples, and standard deviation of minimum samples in the ML and AP directions. The intrasession reliability of TTB measures was comparable to traditional COP based measures. Correlations between TTB and traditional COP based measures were weaker than those within each category of measures, indicating that TTB measures capture different aspects of postural control than traditional measures. TTB measures provide a unique method of assessing spatiotemporal characteristics of postural control during single limb stance.
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Key Words: balance, center of pressure, stabilometry Postural control (PC) measures during single leg stance have been used to identify neuromuscular impairments associated with lower extremity injuries such as ankle sprains (Evans, Hertel, & Sebastianelli, 2004; Friden, Zätterström, Lindstrand, & Moritz, 1989; Goldie, Evans, & Bach, 1994; Hertel, Buckley, & Denegar, 2001; Holme, Magnusson, Becher, et al., 1999) , anterior cruciate ligament injuries (Ageberg, Zätterström, Friden, & Mortiz, 2001b; Harrison, Duenkel, Dunlop, & Russell, 1994; Lysholm, Ledin, Odkvist, & Good, 1998; Shiraishi, Mizuta, Kubota, et al., 1996) , and low back pain (Luoto, Aalto, Taimela, et al., 1998) . The most common measures in this context have examined center of pressure (COP) excursions (Evans et al., 2004; Friden et al., 1989; Hertel et al., 2001) or vertical forces in the time domain (Goldie et al., 1994; Holme et al., 1999) .
Such measures (COP excursion velocity or area, SD of F y,… ) have adequately detected neuromuscular impairments with acute ankle sprains (Evans et al., 2004; Friden et al., 1989; Goldie et al., 1994; Hertel et al., 2001) . However, the sensitivity of these measures in detecting defi cits associated with chronic ankle instability has been questioned (Holme et al., 1999) . This discrepancy has led to our investigation of alternative PC measures during single leg stance.
A novel approach to quantifying PC in double leg stance that may have application to single leg stance is assessment of time-to-boundary (TTB) measures of COP excursions (Slobounov, Moss, Slobounova, & Newell, 1998; Slobounov, Slobounova, & Newell, 1997; van Wegen, van Emmerik, & Riccio, 2002; van Wegen, van Emmerik, Wagenaar, & Ellis, 2001) . TTB measures estimate the time it would take for COP to reach the boundary of the base of support if COP were to continue on its trajectory at its instantaneous velocity. Such measures provide insight into the spatiotemporal characteristics of PC by considering not only the velocity of COP excursions but also the location on the foot where the excursions are occurring. A lower TTB measure indicates greater postural instability . TTB measures in bilateral stance have demonstrated signifi cant differences in the amplitude and variability of spatiotemporal characteristics of PC between the young and old (Slobounov et al., 1998; and those with and without Parkinson's disease (van Wegen et al., 2001) .
Previously, TTB measures have only been described in postural tasks requiring double leg stance. We believe that because TTB measures assess boundary relevant aspects of PC, they may elucidate PC strategies during single leg stance that are not captured with traditional measures. Thus, our purposes were to: (a) describe methods of TTB calculation, (b) estimate the intrasession reliability of TTB and traditional COP-based measures, and (c) determine the correlations between the TTB and traditional measures during quiet single limb standing.
Methods
A convenience sample of 24 young women (age 20.8 ± 2.4 yrs, height 154.9 ± 6.4 cm, mass 66.9 ± 13.6 kg) participated. They reported themselves to be free of current lower extremity or vestibular pathologies that could adversely affect their balance. Prior to their participation they provided informed consent. The study procedures were approved by the university's institutional review board.
Procedures
With their eyes open, participants performed three 10-second trials of quiet single leg standing on a force plate on their right and left limbs. They were instructed to stand as still as possible while focusing on a visual target 1 m in front of them. The stance foot was placed in the same position on the force plate for all trials. PC was assessed using an Accusway force platform (AMTI Corp., Watertown, MA). Translational forces (Fx, Fy, Fz) and moments of force (Mx, My, Mz) were recorded at 50 Hz, and time series of 500 COP data points were calculated for each trial. COP data were then fi ltered with a fourth-order low zero lag, low-pass fi lter with a cutoff frequency of 5 Hz. COP signal derivatives were computed from the previously fi ltered data using fi rst-order fi nite difference equations.
To calculate TTB measures, the foot was modeled as a rectangle to allow for separation of the anterior-posterior (AP) and mediolateral (ML) components of COP (van Wegen et al., 2001; 2002 ) (see Figure 1 ) For each ML COP data point, the instantaneous ML COP position and velocity were used to calculate TTBML. If the COP ML i was moving medially, the distance between COP ML i and the medial border of the foot was calculated. This distance was then divided by the corresponding instantaneous velocity of COP ML i to calculate the time it would take the COP ML i to reach the medial border of the foot if it were to continue moving in the same direction without a change in velocity. If COP ML i was moving later- ally, the distance between COP ML i and the lateral border of the foot was calculated and divided by the corresponding instantaneous velocity of COP ML i . Thus, a time series of 500 TTBML measures was generated. A time series of corresponding TTBAP measures was similarly generated by estimating the time it would take COP AP i to reach the anterior or posterior foot boundary.
A typical TTB series shows a sequence of peaks and valleys with each valley representing a change in direction of COP (see Figure 2) . We sampled TTB measures at the valleys in each trial. To identify these minima, we computed signal derivatives. The fi rst derivative values were used to identify signal minima and maxima, and the second derivative values were used to compute the minima. Due to problems in accurately identifying signal derivatives, the software performed a local search around the derivative-identifi ed minima and was used to precisely locate the signal minima.
TTB measures serving as dependent variables were the absolute minimum, mean of minimum samples, and SD of minimum samples in the ML and AP directions. The fi rst two of these represent the temporal margin to the boundary of support, while the third represents its variability. The traditional COP-based dependent variables included the mean velocity, SD, and range of ML and AP COP excursions.
Statistical Analysis
Intrasession reliability of each measure was estimated using the ICC 2,1 formula, and precision of each measure was estimated with calculation of standard error of measure (SEM) using the formula SD √1 -ICC (Shrout & Fleiss, 1979) . Pearson product-moment calculations were used to assess the strength of the relationships: (a) within the traditional COP-based variables, (b) within the TTB-based variables, and (c) between the TTB and traditional variables.
Results
ICCs for the traditional COP-based measures ranged from .35-.80 and from .40-.74 in the ML and AP planes (see Table 1 ), while ICCs for the TTB measures ranged from .34-.81 and .50-.87 (see Table 2 ). Bivariate correlations within the traditional COPbased measures ranged from .66-.95 and .35-.97 in the ML and AP planes (see Tables 3 and 4) , and from .45-.95 and .70-.96 for the TTB measures (see Note: ICC = intraclass correlation coeffi cient (2,1); SEM = standard error of measurement; SEM = standard error of measurement; SEM SD = standard deviation; TTB = time-toboundary; Abs min = absolute minimum. Note: SD = standard deviation; TTB = time-to-boundary; Abs Min = absolute minimum. Note: SD = standard deviation; TTB = time-to-boundary; Abs Min = absolute minimum. Note: SD = standard deviation; TTB = time-to-boundary; Abs min = absolute minimum. Note: SD = standard deviation; TTB = time-to-boundary; Abs min = absolute minimum. Tables 5 and 6 ). Correlations between traditional and TTB measures ranged from .11-.90 and .03-.77 in the ML and AP planes (see Tables 7 and 8 ).
Discussion
Reliability estimates of the traditional COP-based and TTB measures were similar. Although our reliability estimates were not uniformly high, they tended to be larger than (Goldie, Bach, & Evans, 1989; Goldie, Evans, & Bach, 1992) or comparable to (Ageberg, Zätterström, & Moritz, 1998; Ageberg, Zätterström, Moritz, & Friden, 2001a; Birmingham, 2001; Friden et al., 1989) those previously reported traditional measures in single limb stance. While all research measures must be adequately reliable, there is a paradox in establishing highly reliable measures to capture aspects of human movement that are inherently variable. Brouwer, Culham, Liston, and Grant (1998) suggested that relatively low reliability estimates are found in PC measures in healthy persons because many postural tasks, such as quiet standing, fail to challenge them suffi ciently so as to narrow the range of options available for postural adjustment to the extent that occurs when striving for maximum sway excursion. Because of available redundancy in the PC system for accomplishing many tasks, different strategies may be used to maintain balance in different trials. This inherent variability in motor control systems of healthy individuals thus diminishes the reliability of measures of different PC parameters and casts doubt on the validity of such measures in healthy persons.
We acknowledge that the use of ICCs to estimate reliability of human performance measures has been criticized (Madsen, 2002) . However, there are also multiple contemporary papers (Hopkins, 2000; Weir, 2005) that have reiterated the appropriateness of ICCs in movement science research. An in-depth discussion of this topic is beyond the scope of this Technical Note.
The correlations within the traditional measures and the TTB measures were relatively strong with a few exceptions. Correlations between the velocity, SD, and range of COP-based measures ranged from .57-.96 in the ML and from .36-.98 in the AP directions. This is consistent with previous reports (Ageberg et al., 1998; Ageberg et al., 2001a) . Similarly, correlations between the three TTB measures ranged from .45-.91 and .70-.96 in the ML and AP planes. Correlations between traditional and TTB measures, however, were much less consistent, ranging from .11-.90 in the ML and .03-.77 in the AP planes. This implies that TTB measures are assessing different aspects of PC in single limb stance than traditional variables. The SD of TTB minimum samples correlated most weakly with traditional variables, indicating that this measure is capturing an aspect of PC particularly different from traditional measures.
TTB measures provide a unique method of assessing spatiotemporal characteristics of PC in single leg stance. The traditional measures capture either only spatial (range) or temporal (velocity) components of COP excursions. Calculation of TTB allows for assessment of velocity of COP excursions with respect to the position of the COP in relation to the boundaries of the foot. This provides insight into periods of both postural stability and instability. By assessing TTB values only at the valleys in the data, we evaluate PC markers only when participants are approaching postural instability. We theorize that lower TTB minima indicate a propensity to postural instability because of the reduced time available to execute a postural correction.
We believe TTB analysis may provide more insight into PC dysfunction; however, studies of pathologies associated with single limb PC defi cits such as ankle instability must be performed to verify the construct validity of this test. We hypothesize that lower amplitude and variability of TTB measures in single leg stance will be associated with musculoskeletal pathology and an increased risk of falls and injuries. Identifi cation of specifi c boundary-relevant PC defi cits in single leg stance may allow for development of interventions such as specifi cally-posted foot orthotics aimed at improving postural and, ultimately, gait stability.
TTB measures of PC have previously only been applied to double limb stance. Slobounov et al. (1997) reported the fi rst published data related to TTB, although they termed the concept "virtual time-to-collision," in a series of experiments among healthy young adults and proposed that time to stability boundary may serve as an organizing control parameter for posture. They followed this with a study of persons ages 60-96 years old and demonstrated that TTB measures in double limb stance decreased consistently, indicating more postural instability with increasing age (Slobounov et al., 1998) . This was supported by , who found lower TTB measures in geriatric participants compared to young adults.
However, no differences were found in the variability of TTB minima or traditional COP-based variables between age groups. Signifi cantly lower ML TTB measures were also found in participants with Parkinson's disease compared to age-matched controls (van Wegen et al., 2001) . Additionally, those with Parkinson's demonstrated less ML variability than controls, as assessed by the SD of minimum samples. posit that reduced TTB variability profi les are indicative of less complexity and diminished adaptability of the PC system in Parkinson's patients and that TTB measures are sensitive to age-related changes in PC not found with traditional measures. It remains to be seen whether PC impairments associated with orthopedic conditions such as chronic ankle instability can be better assessed with TTB measures than traditional measures.
In conclusion, we have described methods for the calculation of TTB measures during quiet standing in single limb stance. Intrasession reliability of TTB measures was comparable to traditional COP-based measures. Correlations between TTB and traditional measures were weaker than those within each category of measures, indicating that TTB measures capture different aspects of PC than traditional measures. Research on TTB measures of PC in single limb stance associated with lower extremity orthopedic disorders is warranted.
